In such ecological niches, each bacterium may receive only a few hundred photons per second. [2] [3] [4] Thus, it is generally assumed that the lightharvesting complex (LHC) of these bacteria has evolved to efficiently collect and use the small amount of light available.
The main optical antenna structures in green sulfur bacteria are chlorosomes. These are generally oblate spheroid organelles approximately 100-200 nm in length, 30-70 nm in width and 30-40 nm thick. 5 A single chlorosome may contain up to 250,000 bacteriochlorophyll c/d/e (BChl c/d/e) molecules 4, 6, 7 that are self-assembled into tube-like or lamellae aggregates [8] [9] [10] [11] [12] [13] [14] and are enclosed within in a protein-lipid monolayer. 15 Absorption of a photon results in the creation of a molecular exciton, which is transported to the next subunit of the LHC -a baseplate, which is located on one side of the chlorosome surface. The energy is then sinked through an intermediate Fenna-Matthews-Olson (FMO) complex to a reaction center where it is used in the production of chemical compounds.
Within the semiclassical approximation of incoherent excitons (i.e. no quantum coherence), efficient light harvesting requires strong light absorption combined with the fast energy relaxation that drives the exciton towards the reaction center, protecting it from reemission and non-radiative recombination. However, recent work on green sulfur bacteria has suggested that electronic coherence may play a role in the energy transfer through the LHC. Evidence of quantum coherence between bacteriochlorophyll molecules within the FMO complex has been observed 16, 17 and extensively analyzed theoretically. [18] [19] [20] [21] [22] Ultrafast energy transfer in the chlorosomes has also been reported. [23] [24] [25] While the latter studies do not exclude coherent exciton dynamics on femtosecond timescale it was not clearly observed in the experiments.
Strong exciton-photon coupling is the result of a coherent exchange of energy between an exciton and a resonant photonic mode. The coupling manifests as a mixing in the energetic dispersions of the cavity and exciton modes and the formation of the cavity-polariton quasiparticle which can be described as a linear mixture of the photon and exciton. The polariton energy dispersion takes the form of two 'branches' that anticross when the cavity mode energy is tuned through the exciton energy. These are the polariton branches and are termed the upper polariton branch (UPB) and lower polariton branch (LPB) for the branches that exist above and below the exciton energy respectively. The magnitude of the energetic splitting of the branches at exciton-photon resonance is the Rabi splitting energy Ω. Optical microcavities provide a convenient system in which to explore the strong coupling regime due to their relatively straightforward fabrication and simple tuning of the cavity mode energy through angular dependent measurements. Typical cavity structures consist of two mirrors separated on the order of hundreds of nanometers with the excitonic material located within the cavity. The requirements of strong coupling include a large absorption oscillator strength and narrow absorption linewidth for the exciton, and small cavity losses into leaky modes. 
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In this paper we demonstrate that the exciton states in the chlorosome can be coherently coupled to the vacuum electromagnetic field confined in an optical microcavity, thereby creating polariton modes. To our knowledge this is the first demonstration of strong excitonphoton coupling in natural light-harvesting structures. In addition to the demonstration of chlorosome-cavity coupling, our work opens a new avenue to modify the energy landscape in the LHCs. We show that the energy of polariton modes can be detuned from the bare exciton states on the order of 100 meV which is comparable to the energy difference between the chlorosome and the baseplate. We suggest that such structures could be used for strong coupling of living photosynthetic bacteria with light to create 'living polaritons.'
To prepare chlorosomes for inclusion in a microcavity, they were first purified from the Chlorobaculum tepidum species of green sulfur bacteria, which were cultured anaerobically and phototropically using the medium as reported previously. 1 The cultures were incubated at 45 o C in low intensity light (20 ± 2 µmol/m 2 /s) and harvested at the steady-state of growth, from which chlorosomes were extracted from the membrane fraction using 2M NaI followed by sucrose gradient separation via ultracentrifugation at 135,000 × g for 16 h. The To fabricate microcavities, the chlorosome-PVA solution was spincast onto a 40 nm thick thermally evaporated semitransparent silver mirror to a thickness of ∼205 nm. A second 40 nm thick silver mirror was evaporated directly onto the organic layer to complete the λ/2 microcavity. The cavity structure is shown in Figure 2 The microcavity was analysed with room temperature reflection and transmission spectroscopy. The cavity was mounted on the rotation axis of goniometer and a fiber-coupled white light was focused to a 500 µm spot on the sample surface. For reflectivity measurements the sample was rotated whilst the reflected light was collected by optics mounted on the rotating goniometer arm. For transmission measurements, the collection arm was fixed opposite the excitation light and only the sample was rotated. The same spot on the sample was probed in reflection and transmission with an angular resolution of 2 o . The collected light was analysed with a fiber-coupled CCD spectrometer (Andor Shamrock 303i). Due to the weak excitation, and the light collection optics being placed far from the sample, no photoluminescence is detected in reflectivity or transmission measurements. 
where θ is the observation angle, n eff is the effective intracavity refractive index and E γ (0) is the cavity cutoff energy which for a λ/2 cavity of length L is given by E γ (0) = hc 2n eff L . The fit to the cavity mode energy is shown as a red dashed line in Figure 3 seen clearly in the data that undergo an anticrossing about the chlorosome exciton energy, indicating that the system is operating in the strong-coupling regime. The energy of the polariton branches can be described by the coupled oscillator model.
where E x is the exciton energy, Ω is the Rabi splitting energy, E p is the polariton energy and We can account for the scattering in the TMM model in a phenomenological way by incorporating a background extinction into the imaginary part of the film refractive index.
We do this for the chlorosome cavity and find that a background extinction of 0.06 reproduces observed linewidths. Importantly, the Rabi splitting (75 nm) remains larger than the broadened cavity mode linewidth despite the additional scattering. 58 From TMM we find that the scattering reduces the cavity Q-factor to 12 (photon confinement time of 5 fs).
Strong coupling has previously been observed in metallic cavities with a similar Q-factor using J-aggregates as the coupling medium. 59 It should be noted that the coupling strength is in fact maximized when the linewidths of the photon and exciton are well matched, 58, 60 hence the broadened cavity mode linewidth is not too detrimental to the strong coupling.
The magnitude of the Rabi splitting energy may be used to gain an order-of-magnitude estimate of the number of chlorosomes involved in the formation of the polariton mode. The Rabi splitting energy is given by Eqn. 2, 61 where N is the number of coupled oscillators, µ is the dipole moment of the coupled oscillators, V is the mode volume of the cavity mode andÊ is a unit vector parallel to the polarization of the electric field in the cavity.
We estimate the λ/2 mode volume 62 to be 15.7 (λ/n eff ) 3 (assuming mirror reflectivities of 95% as found through TMM) where n eff = 1.8. This is an upper limit as it does not take into account in-plane scattering which will reduce the mode volume. We assume that each chlorosome contains an average of 200, 000 BChl c monomers, the square of the monomer transition dipole | µ| 2 = 30 D 2 , 63 and the average angle between the transition dipoles and the chlorosome's main axis is about 28
• . 64 It is likely that the spin coating process does result in some preferential orientation of chlorosomes in the plane of the film. Then, the number of coherently coupled chlorosomes estimated with Eqn. 2 and assuming that the chlorosomes are aligned parallel to the confined E-field is ∼1000. It should be noted that the intermolecular coupling in the aggregate of BChls only redistributes the oscillator strength between the electronic transitions keeping the product | µ| 2 N the same. Thus, the transition dipoles µ and the number of states N in Eqn. 2 can be taken to be those of the BChl monomers, provided that the cavity frequency is shifted from the monomer transition to the absorption spectrum of the aggregate, and the cavity line is broad enough such that the optical mode interacts resonantly with all optically allowed electronic transitions. Chlorobaculum tepidum bacteria, 65 it is expected that if ∼4 bacteria could occupy the cavity mode volume, they could strongly couple to the cavity. The bacterial cell is 0.6-0.8 µm long, 66 hence it may indeed be possible to reach this limit to create 'living polaritons' and therefore directly investigate the effect of tuning the LHC energy levels on bacterial growth.
In conclusion we have demonstrated strong coupling between a low-Q optical cavity and the chlorosome of green sulfur bacteria with a Rabi splitting of approximately 150 meV.
The chlorosomes cause large amounts of scattering into the microcavity system, however this damping is not strong enough to destroy the strong coupling. It is worth noting that is it the excited state of the chlorosome that couples to the photon and not simply the excited state of the BChl c molecule which has an absorption peak at 667 nm. 67, 68 We believe this to be the first demonstration of strong exciton-photon coupling in a large biological system. The mixed polariton state of light-harvesting antenna and photon may present a new system for studying the light-matter interaction that is ultimately responsible for the process of photosynthesis. We have recently shown that polaritons states can form an efficient energy relaxation pathway between spatially and energetically separated exciton species, 69 hence this demonstration of strong-coupling in a biological system may allow for artificial light harvesting devices that utilize biological components. Finally, since the density of chlorosomes within the green sulfur bacteria is high, it may be possible to strongly-couple a living bacteria to a cavity mode resulting in a 'living polariton'. 
